a b s t r a c t MicroRNAs (miRNAs) are a family of endogenous, small (approximately 22 nucleotides in length), noncoding, functional RNAs. With the development of molecular biology, the research of miRNA biological function has attracted significant interest, as abnormal miRNA expression is identified to contribute to serious human diseases such as cancers. Traditional methods for miRNA detection do not meet current demands. In particular, nanomaterial-based methods, nucleic acid amplification-based methods such as rolling circle amplification (RCA), loop-mediated isothermal amplification (LAMP), strand-displacement amplification (SDA) and some enzyme-free amplifications have been employed widely for the highly sensitive detection of miRNA. MiRNA functional research and clinical diagnostics have been accelerated by these new techniques. Herein, we summarize and discuss the recent progress in the development of miRNA detection methods and new applications. This review will provide guidelines for the development of follow-up miRNA detection methods with high sensitivity and specificity, and applicability to disease diagnosis and therapy.
Introduction
MiRNAs are small non-coding RNAs of about 19e24 nucleotides, which inhibit the translation of proteins by binding to 3 0 -UTR of the target mRNA. Some studies have also found that miRNAs can interact directly with proteins to regulate gene expression [1] or influence the epigenetic mechanisms [2] . As a non-invasive blood biomarker, miRNAs are relatively stable and easy to detect.
Considering the critical role that miRNAs play in gene regulation and biological function, the specific and sensitive detection of miRNAs is becoming more and more important. However, the short sequence lengths, large variability in per-cell copy number, and high sequence similarity within families of expressed miRNAs conspire to make them challenging analytical targets [3] . Over the past decades, significant efforts have been invested to develop new detection methods [4e7] . Previous review articles have provided valuable information about the evolution of various analytical methods for miRNA determination [8, 9] . In this review article, we summarize the recent progress in miRNA analysis. Current miRNA detection techniques can be divided into two categories: traditional methods and new technology methods. Traditional methods for miRNA detection include northern blotting [10e12], microarray analysis [13, 14] and quantitative polymerase chain reaction (qPCR) [15, 16] . For new technology methods, in order to improve the sensitivity and selectivity of miRNA detection, these methods always rely on signal amplification strategies, such as nanoparticlebased amplification [17e21], isothermal exponential amplification [22e24], rolling circle amplification (RCA) [25e27], hybridization chain reaction (HCR) [28e30] and combination of these amplification strategies [31e33] . Herein, we summarize some of them and discuss their advantages and limitations for improving miRNA detection design.
Traditional methods
Methods for quantification and visualization of aberrant miRNA expression are urgently needed for early clinical diagnosis. Owing to their small sizes, high sequence homology among family members, and low abundance, it is a challenging work. In traditional methods, northern blotting is regarded as the gold standard, although it is poorly sensitive (nanomoles level), time-consuming and requires a large number of RNA samples. The microarraybased technique has the advantage of high throughput and multiplexing capacity, but poor sensitivity and a lengthy hybridization time restrict its wide applications. Moreover, qPCR, including stemPeer review under responsibility of Xi'an Jiaotong University.loop reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) and poly(A)-tailed RT-qPCR, are the most widely used miRNA analysis techniques, both of which have the advantage of high sensitivity and specificity. Unfortunately, these techniques are complex and require special laboratory skills. In addition, falsepositives may be generated during the amplification process.
Northern blotting
Northern blotting is the standard and most widely used method for detecting miRNAs. It can be used not only for the detection of mature miRNAs, but also its precursors. It does not need specialized equipment. The basic principle is as follows: the RNA sample is digested by a restriction endonuclease, separated by agarose gel electrophoresis, denatured and transferred to a nitrocellulose film or nylon membrane according to its position in the gel, and fixed followed by reaction with the isotope or other marker labeled probes [34, 35] . After washing the free probe, miRNAs can be detected by autoradiography or other suitable techniques.
The relative molecular size and relative abundance of miRNAs can be detected by northern blotting, but it also has many shortcomings, such as semi-quantitative, low throughput, cumbersome, time-consuming, and easy degradation of RNA. As a result, it requires a stringent experimental condition. Northern blot has low sensitivity, by which low molecular weight RNAs cannot be detected. Specific probes labeled with radioisotopes will help to increase the sensitivity but will increase the risk of the reaction at the same time.
In view of the above shortcomings, there are many improvements emerging in recent years. Locked nucleic acid (LNA) is a kind of oligonucleotide derivative, which is a rigid structure formed by linking the 2 0 and 4 0 carbons on the ribose through the methylene group. This kind of nucleic acid can increase the melting temperature (Tm value) of the primer or probe. As a probe, LAN greatly improves the thermal stability of hybridization sequences, hybridization efficiency and sensitivity of miRNA determination [36e38]. Varallyay et al. [12] used LNA instead of DNA oligonucleotide probes to improve the thermal stability of the complex between target miRNA and oligonucleotide probes, reducing dissociation, improving the experimental sensitivity and shortening the experimental time. Kim et al. [11] used non-radiolabeled probes to reduce the risk of the experiment. Pall and Hamilton used 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) to crosslink RNA to the appropriate membrane to increase the speed of the experiment [39] . Despite these improvements, northern blotting is inadequate as a quantitative detection of miRNAs for the lack of sensitivity and the inability to detect low levels of RNAs in some cells.
Real-time qPCR
Real-time qPCR has become a routine and reliable technique for detecting miRNA expression because of its large dynamic range, high sensitivity, and high sequence specificity [40] . Real-time qPCR can be considered as a single gold standard among miRNA detection techniques. In such methods, target miRNA was firstly transferred into cDNA by reverse transcription. Afterward, the PCR was performed to achieve real-time fluorescence detection. cDNA synthesis by reverse transcription can commonly use stem-loop primer [15, 41, 42] , poly(T) adapter [16, 43] or a gene-specific primer (GSP) that includes a tail sequence [44] , while two fluorescent methods are used for monitoring miRNA qPCR [45] : TaqMan probe method [15, 16, 41] and SYBR Green fluorescent dye method [44] . SYBR Green is an intercalating fluorescent dye between dsDNAs which binds to dsDNAs and increases the fluorescence signal by 800e1000 times. However, SYBR Green can't recognize nonspecific products such as primer dimers, which reduces the accuracy of qPCR quantification of specific amplification products. So the dissociation curve analysis is used to monitor qPCR product homogeneity. The Tm value of dsDNA depends on its length and base composition, while the number of inflection points on the melting curve indicates the number of PCR products, including primer dimers. Therefore, the acceptable dissociation curve should have only one inflection point, while multiple inflection points indicate the presence of nonspecific products. TaqMan probes are oligonucleotide probes labeled with a reporter group at its 5 0 end and a fluorescent quenching group at the 3 0 end, whose binding sites are between the two primers. Primer dimers or other nonspecific amplicons in this method will not produce any fluorescent signal, and it has a higher specificity and reproducibility than SYBR Green method.
The real-time qPCR method is highly sensitive, but its falsepositive anxiety and difficulty in primer design limit its use. The exact quantification of real-time qPCR depends on the interconnection of multiple steps, and each step needs to be optimized. To obtain meaningful and repeatable results, several parameters such as RNA extraction, RNA integrity control, cDNA synthesis, primer design, amplicon detection, and data normalization must be taken into account [46] .
Mohammadi-Yeganeh et al. [15] developed a new and costeffective two-step real-time qPCR for miRNA detection. The first step was to reverse transcriptase miRNAs by stem-loop real-time primers. The second step was to amplify the reverse transcripts using the TaqMan real-time qPCR assay. This stem-loop structure can be used not only to detect miRNAs that are not found by microarrays but also to detect other small non-coding RNA, such as piRNA and siRNAs. This method combines computer prediction with bioassay for the first time, enabling high throughput screening of a wide range of miRNA.
Gan et al. [40] compared the detection of miRNAs between northern blotting and real-time qPCR. In northern blotting, the amount of RNA can be directly quantified on a membrane by gel electrophoresis. And it has been shown to be superior in studying the degradation and transcription of RNA. However, northern blotting has requirements for the length of cDNA probe and the amount of RNA. So it is not suitable for weak gene detection or large-scale screening. The main advantages of real-time qPCR compared to northern blotting are greater sensitivity and specificity, as well as a broader quantification range. Its main problems are RNA template variability, inappropriate experimental design, inconsistent data analysis, and inappropriate data normalization.
Microarray technology
The microarray is the most widely used method for rapid and high throughput detection of miRNAs [13, 47, 48] . For this method, the sample RNA is produced by reverse transcription using a labeled probe, and these fluorophores or biotin-labeled cDNAs are detected using solid-phase oligonucleotides having the same sequence as the target miRNA. The labeled cDNA sample is loaded into each well followed by a series of washing steps to remove free DNAs. If the hybridized cDNA is biotinylated, the streptavidinlabeled fluorophore can be labeled; and if the cDNA has been labeled with the fluorophore, the fluorescence intensity of each well can be measured directly. The fluorescence intensity of each well can be used to determine the expression level of miRNAs.
Although the microarray can analyze thousands of samples a day, the cost is very high [14] . And the method also faces many challenges as follows: too short miRNAs and low copy number miRNA cannot be detected, and the specificity of analyzing the miRNA with similar sequences is not so good.
Newly developed methods

Nanomaterial-based miRNA detection
Recently, various nanomaterials have been applied within studies for miRNA detection, such as gold nanoparticles (AuNPs) [18, 19, 49] [50], magnetic nanoparticles [17, 51] , silver nanoclusters (AgNCs) [52e54], and quantum dots (QDs) [55] . Due to their high surface area, excellent electrical conductivity, and remarkable chemical stability, nanomaterials can be strong tools to improve performances of classical detection methods. Moreover, their powerful versatility of cellular transfection, excellent photostability and low immunogenicity should be taken into account when it refers to in vivo imaging. However, their inherent cytotoxicity and self-aggregation inside living cells are still problems for the stable application. Further efforts are made to overcome these deficiencies and explore the application of nanobiosensors. In this review, we summarize amplification methods based on nanomaterials (Table 1) .
Nanostructured gold, such as gold nanoparticles (AuNPs) and gold clusters, possessing strong surface-plasmon resonance absorptions and high extinction coefficients, has been found most widely applied in the development of analytical methods [56, 57] . AuNPs-based colorimetric assays, without the aid of advanced instrumentation, offer a cost-effective, rapid, and convenient option for miRNA detection. AuNPs play important roles in the fabrication of sensing substrate to bind target capture probes through AueS bond. Target-triggered aggregation of AuNPs, resulting in a color change of the AuNPs solution from red to purple, in response to the surface plasmon resonance absorption of dispersed and aggregated nanoparticles, serves as the basis for the optical detection. Persano et al. [18] described a new technology for specific and highly sensitive colorimetric miRNA detection in biological samples, which is based on the isothermal nicking enzyme amplification reaction and subsequent hybridization of the amplification product with gold nanoparticles and magnetic microparticles (barcode system). Similar to this, Li et al. [19] reported an ultrasensitive miRNA detection via isothermal exponential amplification reaction (EXPAR)-assisted AuNP amplification, which was inspired by the design of Park et al. [20] . Based on the method, they achieved the quantification of miRNAs in a linear range from 50 fM to 10 nM with a detection limit of 46 fM. What's more, this method has the ability to discriminate a single-nucleotide difference between homologous miRNAs.
Silver nanoclusters (AgNCs), as new signal transducers, have received massive interest because of their intrinsic merits of high biocompatibility, excellent photostability, tunable luminescence, and subnanometer size [52, 58] . Different from AuNPs, the use of DNA-AgNCs avoids the covalent connection between AgNCs and indicators such as quantum dots [63] . The reason is that these AgNCs can be "lightened up" with 500-fold enhanced fluorescence once they are placed in close proximity with guanine-rich sequences [64] . Some enzyme-involved isothermal amplification strategies have been developed to achieve sensitive detection of miRNAs [27, 65] . However, AgNCs are sensitive to surrounding protein enzymes and concomitant enzymatic reaction conditions, which may result in poor repeatability. To overcome the drawback, enzyme-free amplification procedures like CHA [66] and SDA [67] were introduced into the AgNCs related detection. In this way, the sensitivity and selectivity of the methods were improved with better stability.
Nanostructured copper such as copper nanoparticles (CuNPs), which have an advantage over AuNPs and AgNCs due to their rapid and easy synthesis, is also widely concerned [60, 68] . Besides, CuNPs exhibit excellent non-toxicity and biocompatibility, which meet the need for biological sample analysis. Park et al. [20] devised a novel method for rapid and ultrasensitive detection of miRNAs by employing target-assisted isothermal exponential amplification (TAIEA) combined with poly (thymine)-templated fluorescent CuNPs as signaling probes. Borghei et al. [59] successfully detected miR-155 in spiked human serum samples via oligonucleotidetemplated copper nanoclusters based on the shifts in the fluorescence emissions.
Recently, carbon nanomaterials have also been widely applied in the detection of miRNA, mainly including graphene and carbon nanotubes (CNTs) [62] . They have better properties than other materials in hardness, mechanical, heat resistance, and electrical conductivity [69] . A lot of carbon nanomaterials-based miRNA sensors have been exploited these years. However, the efficiency in the biological environment of these sensors is satisfying due to the poor solubility of elemental carbon. For these reasons, graphene oxide (GO) becomes a more widely used electrode material, whose 
Nucleic acid amplification techniques
To improve the sensitivity of miRNA detection methods, nucleic acid amplification techniques are usually utilized. In particular, numerous new technologies based on isothermal amplification have emerged due to their wider applicability to the point of care testing devices compared to conventional PCR-based assays. Nucleic acid amplification techniques are needed for the low content of miRNAs in tissues and cells. A multitude of nucleic acid amplification methods have been exploited, such as rolling circle amplification (RCA), duplex-specific nuclease (DSN)-based amplification, loop-mediated isothermal amplification (LAMP), exponential amplification reaction (EXPAR), strand-displacement amplification (SDA) and some enzyme-free amplifications. They can be easily applied to the real-time based assay by employing SYBR Green as fluorescent DNA-intercalating dyes. However, SYBR Green dyes can decrease amplification efficiency by the dosedependent manner and are vulnerable to nonspecific amplification [75] . In order to detect amplified products specifically, some probes have been exploited. As we know, TaqMan probes [76] were under consideration for direct validation of amplification for a period of time, but they were dependent on Taq exonuclease activity, while many DNA polymerases did not possess this activity. In contrast to TaqMan, molecular beacons (MBs) [77] and one-step strand displacement (OSD) reporters [78] can get a better performance for the detection of sequence-specific nucleic acid amplicons with false-positive products excluded.
RCA-based methods for miRNA detection
RCA has become increasingly popular in miRNA detection due to its simplicity, specificity, and high sensitivity. In most cases, miRNA works as a ligation template, and the padlock probe will respectively hybridize with the target miRNA which will be ligated by T4 RNA ligase or SplintR enzyme, forming a circular ssDNA, followed by extension around the circle with an external primer or miRNA itself as a primer [79e81], ultimately displacing the conjoined miRNA and continuing to produce long cascaded nucleic acid products. The nucleic acid products can be detected by a variety of signal readout techniques, such as fluorescence, colorimetry, electrochemistry, electrochemiluminescence, SERS, and LAMP. Interestingly, the concatamers are so massive that they can accumulate and be detected as discrete single molecules on surfaces.
Due to its good specificity and sensitivity, many methods were designed for rapid and sensitive miRNA expression analysis based on RCA. For example, Yang et al. [25] described an electrochemical strategy for ultrasensitive and specific detection of microRNA based on multicomponent nucleic acid enzyme-mediated rolling circle amplification on a gold electrode. Hong et al. [26] presented a simple and convenient protocol for the quantitative detection of miRNA based on RCA, graphene oxide (GO), and fluorescently labeled peptide nucleic acid (F-PNA) (Fig. 1) . How to design the probes would affect the amplification efficiency of the RCA experiment. Zhou et al. [82] designed a dumbbell probe, only in the presence of specific miRNA targets, RCA can be initiated. This strategy allowed quantification of miRNA with an extremely low concentration in RNA samples. Xu et al. [80] developed a sensitive and specific fluorescence method based on the combination of RCA and SDA for the detection of let-7a miRNA, which utilized multifunctional molecular beacon (MMB) to execute SDA without the help of any nucleic acid.
In order to improve the sensitivity and specificity of miRNA detection, nicking endonucleases (NEases) were introduced into the RCA process [83] . NEase recognized restriction enzyme sites and specifically cleaved one strand of double-stranded DNA or a DNA strand in a DNA/RNA hybrid strand [84] . Via introducing a palindromic fragment-integrated recognition site for nicking endonuclease Nt. AlWI into the padlock probe, the hybridization of target miRNA can continuously generate the nicked fragments which would be incorporated into strand-displacement amplification. Using this method, Xu et al. [81] detected target miRNA down to 5 pM successfully. Song et al. [85] also developed a biosensor for ultrasensitive let-7d miRNA detection based on NEase assisted template enhanced hybridization process cooperated with RCA. As shown in Fig. 2 , in the presence of NEase and target miRNA, the"Y" structure of designed probe dissociated; consequently the RCA reaction can be started with the free part. Three cycles were included in the system, which would increase the sensitivity obviously. This paper also offers an idea about how to produce a reliable recognition site in the hybridization of miRNA and hairpin probe, which is introducing an assistant single-stranded DNA (ssDNA) to form a stable "Y" junction structure.
DSN-based methods for miRNA detection
DSN can hydrolyze DNA in DNA/RNA or double-stranded DNA (dsDNA) in a specific length, regardless of the nucleotide sequence, and does not cleave ssDNA or RNA [86] . Based on this distinct characteristic of DSN, miRNAs can be recycled in the reaction, and thermal amplification was achieved. Le et al. [87] developed a miRNA-21 detection method with DSN-based amplification, which showed excellent sensitivity and selectivity (one base mismatch discrimination). DSN-based amplifications were compatible with various platform such as colorimetric, fluorescent and electrochemical assays.
Colorimetric assay usually analyzes the color change exhibited by the testing solution. The result can be monitored by the naked eye or a colorimeter. It provides a quick and easy choice for miRNA detection without the needs of any advanced instrumentation. Zhang et al. [88] designed an ssDNA chimeric probe which consisted of two main regions: sequence for target miRNA recognition at the 5 0 end and CHA initiator at the 3'end. In the presence of target miRNA, a large number of ssDNA chimeric probes were cleaved to produce CHA initiator sequence fragments. The G-rich sequence produced in the CHA process bound hemin to bring a horseradish peroxidase activity, which catalyzed a colorimetric reaction. The application of DSN allowed the target miRNA to be recycled, as it can react with the remaining probes. The arranged method allowed quantitation of the sequence specificity of miRNA-21 with a detection limit of 9.2 fM in a dynamic range of 10 fM-1 nM, with an excellent ability to distinguish homological miRNAs.
Fluorescence-based detection is the most common method utilized in biosensing because of its high sensitivity, simplicity, and diversity. It has great improvements in sensitivity and automation compared with the former colorimetric assays. A fluorescence biosensor model for miRNA quantification combines DSN with MB probes whose opposite arms are labeled with a fluorophore and a quench. In the presence of the target miRNA, the MB probe binds to the target and the stem-loop structure of MB is replaced by a more stable duplex structure, producing a fluorescence signal as a result of the broader distance between the fluorophore and quench. However, there are still several problems to be solved. DSN digests not only DNA in DNA/RNA but also dsDNA with poor selectivity. Lin et al. [89] found that DNA-MB was digested by DSN even in the absence of target miRNA, resulting in a 2.5-fold increase in fluorescence intensity. Backbone-modified (2-OMe-RNA modified on its stem) molecular beacons can remain undigested by DSN. This method obtained a linear response between 0.5 pM and 500 pM, with a lower detection limit of 0.4 pM. As a matter of fact, it will produce additional cost and complicated synthesizing procedure. Aiming to overcome the limitation, Ma et al. [90] presented a shortprobe-based duplex-specific nuclease signal amplification strategy to detect miRNAs. By simply shortening the length of the DNA probe, the strategy remarkably improved the specificity without the loss of amplification efficiency at 37 C; thereby, imaging in a living cell can be conducted.
Electrochemical biosensor based miRNA detection is welcomed owing to its high sensitivity, low cost, wide applicability, and the operational ease of the electrochemical biosensors [86] . Monitoring of electrochemical reactions depends on changes in voltage or current caused by changes in the conductivity of the conductor or medium in the system [91] . Li et al. [92] constructed a photoelectrochemical biosensor with near-zero background noise for ultrasensitive miRNA-141 detection based on DNA tetrahedron (TET) as a nanocarrier for efficient immobilization of CdTe quantum dots (QDs)-Methylene Blue (MB) (TET-QDs-MB complex) as a signal probe. As illustrated in Fig. 3 , massive output DNAs released from DSN enzyme-assisted target cycling amplification hybridized with cDNA on the modified electrode surface and then captured the TETQDs-MB complex to produce a desirable photocurrent signal. miRNA-141 could be quantified within a wide linear range from 50 aM to 50 pM with a low detection limit of 17 aM.
There are many strategies based on another characteristic of DSN that will reveal the 3 0 -OH terminal of DNA. In this way, template-free extension reaction can be triggered with the help of terminal deoxynucleotidyl transferase (TdT) [93, 94] .
LAMP-based methods for miRNA detection
LAMP is an isothermal reaction commonly used for the amplification of DNAs and RNAs, which exhibits great sensitivity as a result of its exponential amplification feature. It uses 4e6 different primers to identify 6e8 different target sequences simultaneously, by which the selectivity is improved obviously.
In most of the LAMP-based miRNAs quantification strategies, miRNAs work as triggers to start the reaction [95] . Only in the presence of the target miRNA, primes can conduct extension with the help of DNA polymerase and strand displacement DNA synthesis. In the LAMP-based miRNA detection, the design of probe can be quite complicated as the LAMP template contains 4e6 predefined sequences for stem-loop formation, which also decrease the sensitivity of the strategy due to the effect of the synergistic hybridization and extension of the multiple primers along the long template. Herein, Sun et al. [96] put forward a new idea that simplifies the probe design. In this work, a stem-loop template DNA and a stem-loop primer were designed instead of the original overlong template. A double stem-loop DNA, the starting material of subsequent LAMP, can be obtained in the presence of target miRNA. Tian et al. [79] also established a rapid and ultrasensitive RCA-LAMP method for the detection of miRNAs with a limit of 10 aM by rationally combining RCA with efficient LAMP (Fig. 4) . In the presence of target miRNA, the RCA product, a repeated long DNA, can act as the template to generate a mass of double stem-loop DNAs with functional sequences for LAMP. Zhang et al. [7] indicated that SplintR ligase showed higher efficiency than T4 ligase in their recent work as an improvement to the RCA-LAMP.
Similar to PCR, a major disadvantage of LAMP is the use of indirect evaluation methods such as SYBR Green I dye, precipitation, and hydroxy naphthol blue dye, which are unable to distinguish desired products from nonspecific products, leading to false positive easily. In order to overcome the shortcoming, Jiang et al. [78] replaced the intercalating dye with a toehold-mediated strand exchange reaction termed one-step strand displacement (OSD) reporter, and successfully distinguished side products from true amplicons produced from templates. Later on, molecular beacons were applied in LAMP [97] . Furthermore, there is still brilliant space for retrofitting primers and detection probes to adapt to the detecting requirement.
SDA-based miRNA detection
SDA is a kind of isothermal reaction whose mechanisms refer to nicking, polymerase extension, and strand displacement. Since miRNAs (general role as a template) are recycled in the reaction based on polymerase extension-fueled strand displacement, it usually yields linear amplification. Shi et al. [98] reported an exponential SDA strategy within two cycles of nicking, polymerization, and displacement reactions triggered by target miRNA. Notably, as low as 16 zmol of the target miRNA was detected by this one-pot assay within 90 min.
Contributing to the high amplification efficiency and compatibility, various methods have been applied in vitro DNA or RNA analysis. Ou et al. [99] reported a simple and rapid fluorescence strategy for highly sensitive and specific detection of miRNA based on SDA-mediated entropy-driven circuit reaction, which exhibited a much wider linear range from 1 fM to 10 nM with a low detection limit of 0.18 fM. It highlighted the dual amplification effect and time-saving feature. Jia et al. [23] used a molecular beacon probe to capture the products generated from SDA; thus the second amplification was initiated, with a similar principle to the cycling probe technology, which was based on repeated digestion of the DNAeRNA hybrid by the RNase H. The limit of the quantification for this method reached 0.1 pM after one sample enrichment and two Overall, the conventional utilization of enzyme hinders SDA from wider application since enzyme-mediated reactions are restricted by many factors such as temperature, and ionic composition. Therefore, the developments of more transformational SDA methods and other enzyme-free amplifications are of crucial necessity.
Enzyme-free amplification
Enzyme-free amplification is a kind of toehold-mediated DNA strand displacement reaction which has attracted much attention in nucleic acid quantification due to its isothermal and enzyme-free merits. In the enzyme-free amplification reaction, miRNA usually acts as a trigger to initiate the strand displacement process by opening up one or more DNA hairpins driven by the negative free energy change of base pair formation. In recent years, many enzyme-free amplification methods have been developed for miRNA detection and imaging based on hybridization chain [100, 101] , catalytic hairpin assembly (CHA) [66, 71] , and entropy-driven catalysis [102, 103] .
As an enzyme-free, room temperature and rapid linear amplification technique, HCR has been proposed for short sequence oligonucleotides. Two different kinetically trapped hairpin DNA molecules (H1 and H2) that have partially complementary segments are triggered by a DNA initiator strand to start autonomously a cascade of hybridization events in which both hairpins sequentially nucleate and open to assemble into a long nicked doublestranded amplification polymer. Typically, HCR uses two hairpin DNA molecules in order to get a significant reduction of the background signal. HCR products are highly ordered DNA double helices, so that the signal molecules can be attached on the helices with precisely controlled density, which is shown to be beneficial for amplification efficiency. Moreover, the amplification efficiency using HCR does not rely on the circulation of target analytes, but on the alternate self-assembly of two hairpin probes, which makes this process particularly attractive for degradable targets such as miRNAs.
Zhou et al. [100] reported a simple label-free and enzyme-free electrochemical strategy based on non-lineal HCR for sensitive and highly specific detection of miRNA. The special design of Y-DNA helped the biosensor obtain the ability to distinguish between single base mutations. This biosensor also performed well in clinical serum samples. Miao et al. [28] put forward a novel colorimetric strategy for miRNA analysis based on HCR-mediated localized surface Plasmon resonance variation of silver nanoparticles. The stability variation of the colloid system can then be monitored by recording the corresponding UVevis spectrum and initial miRNA level was thus determined. This sensing system was very simple which involved only four DNA strands. Based on the mechanism of HCR, Cai et al. [30] introduced a novel technique called allosteric hairpin DNA switch-HCR detection to improve the sensitivity of the detection for miRNA let-7a.
CHA has a good application prospect because of its powerful signal amplification capability, negligible background interference, and versatility that allows for combination with different signal strategies. Kim et al. [66] evaluated the concentration of miR-141 based on CHA and fluorescence enhancement of DNA-AgNCs nearby G-rich DNA successfully. However, the sensitivity of the strategy was restricted by the poor efficiency of hairpin assembly and the low binding ratio between target and dye-modified probe. Therefore, Zhen et al. [104] fixed the dye-modified probe on the surface of graphene oxide (GO) with a capture probe. Only in the presence of the H1eH2 probe produced from CHA triggered by target miRNA-21, the dye-modified probe can leave away from the GO surface. By monitoring the decrease of fluorescence anisotropy, miRNA-21 could be detected down to 47 pM with a dynamic range of 0e16 nM.
In contrast to CHA and HCR, entropy-driven catalytic reaction is driven forward thermodynamically by the entropic gain of the liberated molecules without the change of the total number of base pairs, which is faster, better understood, more stable than hairpinbased designs and can avoid unnecessary background interference due to complicated secondary structure of pseudoknots or kissing loops in DNA molecules [105] . Liang et al. [102] tailed the entropydriven catalytic strategy into a nanomachine for automatic miRNAs imaging. As shown in Fig. 5 , the nanomachine contains a DNAcoated AuNP assembly, a walking leg and a fuel. After walking leg was tethered to the AuNPs to form a walkable leg with effective intramolecular hybridization capacity, the entropy-driven catalytic reaction took place. This nanomachine was applied for intracellular imaging of miR-21 in four types of cell lines including cells with low expression profile effectively.
Combination of amplification strategies
To achieve a good performance of detection, scientists always combine several amplification methods. There are mainly three advantages of the combination strategies. First, it fulfills the enhancement of trace target molecules before analysis to improve the sensitivity of the method. For example, a simple and sensitive electrochemical miRNA biosensor was developed by combining the advantages of HCR with enzyme enhancement for signal amplification and sandwich type hybridization performed onto magnetic microcarriers [31] . Second, it avoids the use of traditional labels or enzymes, which simplifies the procedure and saves the cost. By combining SDA with RCA, a label-free method to detect miRNA was developed [33] . Third, the participation of electrochemical sensors and nanomaterial-based biosensors helps to reduce the background noise effectively. Some detection strategies for miRNAs using HCR were proposed by coupling to positively charged gold nanoparticles [32] or silver nanoparticles [28] .
Summary and prospect
In the above methods, each of them has its own unique advantages as well as unavoidable shortcomings. At present, conventional detection methods such as qRT-PCR, northern blotting, and microarray are widely used to detect miRNA, but they have some limitations discouraging their use such as long processing time, laborious techniques, the sample size requirements, falsepositive results, different sensitivity of the kit, and the instrument. However, considerable efforts have been made to improve miRNA detection and a variety of improved or new approaches have been developed, such as RCA and LAMP. In this review, we have provided insights into these methods.
Although numerous designs for miRNA detection have been reported, developing more efficient and practicable methods still remains necessary. In practical applications, several methods are often used together to increase the accuracy of the test results. miRNA detection is of considerable significance in disease diagnosis and study of miRNA function. With the rapid development of new techniques and new methods, scientists have more choices in the quantitative detection of miRNA. We need to combine specific experimental purposes and to balance the advantages and disadvantages of various detection methods to obtain the most economical and optimized experimental methods.
